Ammonia lyases (AL) are enzymes of industrial and biomedical interest. Knowledge 15 of AL structure-dynamics-function relationship would be instrumental for making use 16 of the application potential of these enzymes. We investigated, using microsecond 17 molecular dynamics, the conformational changes in the proximity of the catalytic 18 pocket of a 3-methylaspartate ammonia lyase (MAL) as a model system. In 19 particular, we identified two regulatory elements in the MAL structure, i.e., the β 5-α2 20 loop, and the helix-hairpin-loop subdomain. We showed that they undergo 21 conformational changes switching from 'occluded' to 'open' states. We observed that 22 these rearrangements are coupled to changes in the accessibility of the active site. 
β 5-α2 20 loop, and the helix-hairpin-loop subdomain. We showed that they undergo 21 conformational changes switching from 'occluded' to 'open' states. We observed that 22 these rearrangements are coupled to changes in the accessibility of the active site. 23 The β 5-α2 loop and the helix-hairpin-loop subdomain modulate the formation of 24 tunnels from the protein surface to the substrate binding site, making the active site 25 more accessible to the substrate when they are in an open state. We pinpointed a 26 sequential mechanism, in which the helix-hairpin-loop subdomain needs to break a 27 subset of intramolecular interactions first, to then allow the opening of the β 5-α2 loop 28 and, as a consequence, make the AL catalytic pocket accessible for the substrate. and isomerization of natural amino acids through the reversible cleavage or the 10 shifting of a C-N bond. ALs are highly heterogeneous in their structures and 11 mechanisms of action, as attested by the fact that they cover 31 diverse EC sub-12 classes and they are characterized by a high stereoselectivity for their substrates [1] . 13 These enzymes are commercially appealing for their industrial [2, 3] and biomedical 14 applications [1, 2] . For example, they have been suggested as potential cancer 15 biotherapeutics [1] due to the fact ALs could prevent the supply of the tumor cells 16 with essential metabolites. One example is the histidine ammonia lyase which 17 influences the growth of ovarian and prostate cancer cells by histidine deamination 18 [1] . The deamination reaction produces urocanic acid and ammonia, eliminating 19 histidine as building block and contributes to preventing protein synthesis, which is 20 essential for the growth of cancer cells. The catalytic mechanism of ALs is well [3] [4] [5] [6] [7] [8] [9] . 21 Among them, 3-methylaspartate ammonia lyases, or methylaspartases (MALs) [3] 22 catalyze the reversible deamination of 3-methylaspartate to mesaconate. MALs 23 belong to the enolase superfamily and they catalyze a broader range of reactions 24 than other ammonia lyases [1] They are potentially versatile and a promising target 25 3 to design new variants with different substrate specificity or improved activity and 1 stability. For example, the MAL variant isolated from Citrobacter amalonaticus 2 (CaMAL) has been engineered for enantionselective synthesis of N-substituted 3 aspartic acids, which are essential building blocks for pharmaceutical, artificial 4 sweeteners, synthetic enzymes and peptidomimetics [10, 11] . 5 MAL is a dimeric enzyme. Only a few crystallographic three-dimensional (3D) 6 structures of the dimeric form of MALs are available, deposited in the Protein Data 7 Bank (PDB), as the entries 1KKO, 1KKR [12] , 1KD0, 1KCZ [13] , along with two 8 mutated variants with PDB entries 3ZVH, 3ZVI [11] . CaMAL is a homodimeric 9 enzyme where each monomer (here referred to as A and B) is composed by 826 10 amino acids and can be divided into two domains: an N-terminal (residues 1-160) 11 and a C-terminal domain (residues 170-413) connected by 
. 16 The catalytic mechanism of CaMAL has been inferred from the analysis of its 3D 17 structure, the comparison with other members of the enolase family and validated by 18 experimental mutagenesis [14, 15] . The mutagenesis studies revealed the 19 importance of specific residues on the structural integrity, activity, and regio-and atom in the catalytic pocket, while the residues K331, H194 and Q329 form the 23 catalytic triad ( Figure 1C ). K331 acts as the base catalyst, while the Mg 2+ metal ion 24 and the residues H194 and Q329 are responsible for the stabilization of the enolate 25 4 anion, and binding to the 4-carboxylate group of the substrate [14] . Additionally, Q73,   1   F170, Q172, Y356, T360, C361 and L384 interact with different functional groups of   2 the substrate and are located in the pocket ( Figure 1C) . 3 The N-terminal domain of CaMAL bears, in the proximity of the catalytic pocket, two 4 structural elements, that we refer as β 5-α2 loop (residues 70-85) and helix-hairpin- 5 loop subdomain (hhl, residues 12-51) ( Figure 1C CaMAL is a dimer in solution 7 To select which form of CaMAL to study with MD simulations, we investigated the 8 preferred quaternary structures of CaMAL in solution. In particular, we performed 9 Size-Exclusion Chromatography (SEC) to estimate CaMAL molecular weight (MW). 10 We used proteins with a known MW as calibration standards (see Materials and form of CaMAL (from its primary sequence, i.e., 45.5 kDa). We concluded that 16 CaMAL is mostly a homodimer when in solution in its substrate-unbound state, in 17 agreement with what previously reported [39] . 18 In light of the SEC results, we focused on the CaMAL dimer in solution for our MD 19 simulations. We also collected two additional simulations of the monomers (i.e., 20 chains A and B from the dimer structure) as a control. 
5-α2
23 loop and the hhl subdomain 24 6 We employed all-atom explicit solvent one-μs MD simulations to investigate CaMAL 1 dynamics-structure-function relationship. In particular, we aimed at identifying 2 conformational changes that modulate the accessibility of the active site. We The simulations performed on each separated monomer show higher flexibility in the 12 hhl subdomain in the case of the monomer A than in the dimer, while in the 13 monomer B this region is more rigid (Figure S1 ). These differences suggest an 14 asymmetry in the structure and dynamics of the two monomeric subunits of CaMAL, 
). 16 Moreover, we extended the second replicate of the CaMAL dimer to two μ s since in 17 this replicate the opening of the catalytic pocket was occurring after hundreds of ns 18 ( Figure 2D , blue and dark orange gradients). 19 We then analyzed more in detail the structural changes, which were associated with Figure 3C ). 23 Moreover, we applied a hierarchical cluster approach on the correlation matrices and 24 we identified two main groups of structural measurements with higher positive 
11
In addition, we observed coupling between several residues of the β 5-α2 loop and 12 the hhl subdomain ( Figure 3C ). Since these two structural elements are localized 13 spatially close to each other in the CaMAL structure and they form intramolecular 14 contacts, we estimated if their motions are significantly coupled at the level of 15 residue-residue displacements. In particular, we calculated the residue-residue 16 correlated motions along the trajectories using Linear Mutual Information (LMI, [49] ). 17 We calculated the average LMI correlation matrices over time windows of 10 and Figure 3D and Figure S3 ). We concluded that the LMI matrices described similar 23 patterns of correlated fluctuations in the monomers, despite their asymmetry (see 24 above) with differences in the range of +/-0.3. We also observed modest differences comparing the average contact maps of the first and fifth cluster. We identified 1 several pairs of residues for which we observed a marked increase in the distances 2 along the simulation time. For these residues, we measured the distances with 3 respect to residues of the β 5-α2 loop ( Figure 5B) and the hhl subdomain ( Figure   4 5C), as distance networks. 5 The distance network analysis for the β 5-α2 loop ( Figure 5B) showed a significant 6 increase of distances with residues at both side of the entrance of the pocket: L196, 7 N198, Y240, M389, G359-S367 (containing two catalytic residues, i.e., T360 and 8 C361) on one side and, D307-T312 and K331-D334 (containing the catalytic residue 9 K331), on the other side. Moreover, we observed significant changes in the 10 distances with amino acids at the bottom of the loop, such as H88-I90, L93, and 11 H127-R131, along with several residues in the hhl subdomain or its proximity, as 12 S13-Y16, D18-A22, K24, T40-T44 and E51-S54 ( Figure 5B ). 13 The distance network for the hhl subdomain ( Figure 5C ) showed an increase in the 14 distances with residues around the entrance of the pocket, such as for G174, L196, detailed knowledge on their structural properties and functional mechanisms. We 10 contributed to fill this gap using computational structural biology. Our study 11 highlighted two important regulatory elements for CaMAL, i.e., the 
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12
CaMAL expression and purification 13 We retrieved the gene sequence encoding for MAL from Citrobacter amalonaticus 
Preparation of the initial structures for MD simulations
21
We used the X-ray structure of the homodimer of CaMAL in complex with its natural CaMAL: i) all the protein residues, ii) the region 70-85 (i.e., the β 5-α2 loop), and iii) 7 the region 12-51 (i.e., the hhl subdomain) (Figure 2 and Figure S2 other cases of study [58, 67] . We also employed a cutoff of distance in the sequence 14 of +/-three residues to filter out the correlations between residues that are next to 15 each other in the primary sequence. We used two non-overlapping time windows of 16 10 and 100 ns, respectively to estimate average LMI correlation matrices. We 17 calculated the pairwise differences between the LMI matrices calculated for each of 18 the three different dimer replicates, to identify regions in the structure with 19 similar/dissimilar correlations. We compared the LMI matrices calculated for each 20 replicate of the dimer on the monomer A and the monomer B. Moreover, we 21 evaluated the differences between the LMI matrices of the monomer A and the 22 monomer A of different replicate ( Figure S3) . We plotted LMI matrices as heatmaps 23 using an in-house R script based on the ggplot2, reshape2 and viridis R functions. trajectory. We removed water molecules and the Mg 2+ atoms before the calculation.
12
We carried out the tunnel analysis on the MD replicates of the CaMAL dimer, 13 analyzing separately the monomers A and B. We tested different parameters to 14 perform tunnel search and clustering with CAVER, following an optimization 15 procedure previously published [72] . In particular, we selected two set of parameters.
16
The first set aimed to monitor the evolution of solvent-accessible tunnels from the 17 protein surface towards the catalytic site, where we used a probe radius of 1.5 Å, The tunnels were clustered using the hierarchical average-link clustering method, 1 which permit to estimate the dissimilarity (i.e., the distance) of two measured tunnels, Contact-based analyses 7 For the contact-based analyses, we used the CONtact ANalysis (CONAN) software 8
[50]. CONAN permits to obtain a statistical analysis of intramolecular contacts in 9 proteins and to investigate how they evolve along the MD trajectories. We used as 10 cutoffs a r cut value of 10 Å, and r inter and r high-inter values of 5 Å, as previously used 11 [50]. We performed a contact-based cluster analysis using a k-medoid clustering 12 approach based on the RMSD between the contact maps calculated for each frame 13 along each trajectory. The number of maximum clusters was set to five. We 14 observed that CONAN identifies five clusters that are sequentially distributed over 15 the simulation time. We used this analysis to study the temporal evolution of the 16 contacts along the trajectories. We calculated the average distance maps for each 17 cluster, accounting for each pair of residues over all the frames assigned to the 18 same cluster. We analyzed the average distance maps using in-house R scripts. We residues comparing the average contact maps of the first and fifth cluster. We 21 retained as significant only the pairs of residues with a percentage increase in their 22 distance higher than 50%. We analyzed the data using network analysis in 23 Cytoscape. The movie of the time-evolution of the contact maps are reported in the 24 Github repository associated to the publication. of the catalytic site, which is indicated by a blue star. 
